Activation of cytotoxic T cells without MHC restriction was attempted by expressing single-chain antibodies (scFv) against CD3 on the surface of tumor cells. A chimeric protein consisting of a scFv of mAb 145.2C11, the hinge-CH 2 -CH 3 region of human IgG 1 , and the transmembrane and cytosolic domains of murine CD80 formed disulfide-linked dimers on the plasma membrane of cells and specifically bound lymphocytes. Anti-CD3 scFv dimers expressed on the cell surface induced CD25 (IL-2 receptor ␣-chain) expression and proliferation of splenocytes. CT26 tumor cells engineered to express surface scFv dimers (CT26/2C11) also induced potent lymphocyte cytotoxicity with or without addition of exogenous IL-2. Splenocytes activated by CT26/2C11 cells
Introduction
Cytotoxic T cells can recognize and kill tumor cells that express peptides derived from tumor-associated antigens on their surface in association with MHC class I molecules. The identification of a wide range of tumorassociated antigens from melanoma and other tumor cells 1, 2 has generated interest in developing strategies that employ activated CD8 + T cells for selective killing of tumor cells. Many tumors, however, display defects in antigen processing and presentation. Stable expression of MHC class I molecules on the cell surface requires proteolytic generation of peptides by the proteosome in the cytosol and subsequent delivery of cytosolic peptides to the endoplasmic reticulum by the peptide transporters TAP1 and TAP2. 3 Loss or down-regulation of proteosome subunits, TAP-1, TAP-2, ␤2-microglobulin or MHC class I heavy chain have been documented for a wide range of solid tumors including melanoma 4 and prostate, 5 lung, 6 bladder, 7 renal, 8 colorectal, 9 and breast 10 carcinomas. Defective presentation of peptides by MHC class I molecules can allow tumor escape from immune recognition by CD8 + T cells. also killed wild-type CT26 cells, indicating that activated splenocytes could kill bystander tumor cells. Immunization of BALB/c mice with irradiated CT26/2C11 cells did not protect against a lethal challenge of CT26 cells, suggesting that systemic immunity was not induced. However, the growth of CT26 tumors containing 50% CT26/2C11 cells was significantly retarded compared with CT26 tumors, whereas CT26/2C11 tumors did not grow in syngeneic mice. These results suggest that expression of anti-CD3 scFv dimers on tumors may form the basis for a novel therapeutic strategy for tumors that exhibit defects in antigen processing or presentation. Gene Therapy (2000) 7, 339-347.
in a non-MHC restricted fashion by engineering chimeric antigen receptors on T cells or by employing bispecific antibodies. Chimeric receptors composed of a singlechain antibody (scFv) fused to the zeta chain of the TCR CD3 complex can be expressed in T cells. 12 Infusion of the genetically modified T cells can allow recognition and lysis of tumor cells that express the surface antigen bound by the scFv. [13] [14] [15] Bispecific antibodies with specificity for the CD3 molecule on T cells and tumor cell surface antigens can also redirect activated T cells to lyse tumor cells. 16 Application of these approaches relies on the identification of tumor-associated antigens that are preferentially expressed on the surface of tumor cells. Intravenous administration of bispecific antibodies can also induce systemic cytokine release and toxicity. 17, 18 We have developed an alternative strategy to promote T cell activation and lysis of tumor cells that is independent of the expression of antigens or MHC molecules on tumor cells. Transgenes were constructed to produce chimeric proteins composed of a scFv against the CD3 complex on T cells, a dimerization domain consisting of the hinge-CH 2 -CH 3 region of human IgG 1 , and the transmembrane domain and cytosolic tail of the murine B7-1 antigen to anchor the chimeric protein on the cell surface. We show that active scFv dimers expressed on the surface of cells can upregulate CD25 and induce the proliferation of naive splenocytes. Culture of syngeneic splenocytes with CT26 transfectants produced strong cytotoxicity against both parental and transfected CT26 cells. In addition, CT26 scFv transfectants were rejected whereas the growth of mixed tumors containing parental and transfected CT26 cells was retarded. The potent activation of naive splenocytes by scFv dimers expressed on tumor cells indicates that this strategy may be useful for the gene-mediated therapy of tumors that display defects in antigen processing and presentation.
Results
Surface expression of scFv-TM chimeric proteins The cDNA encoding the 2C11 single-chain antibody (2C11scFv) was generated by RT-PCR from 145.2C11 hybridoma cells. mAb 145.2C11 binds to the epsilon chain of the CD3 complex on murine T cells. p2C11-␥1-PDGFR ( Figure 1 ) was constructed by replacing the single-chain antibody cDNA in pHook-1 with the gene encoding 2C11scFv and inserting the ␥1 domain sequence (hinge-CH 2 -CH 3 region) of human IgG 1 between the scFv and TM cDNA. This plasmid encodes a chimeric protein composed of the murine immunoglobulin chain signal peptide, an HA epitope, the anti-CD3 scFv gene, the ␥1 domain, a myc epitope and the transmembrane domain (TM) of the PDGFR (platelet-derived growth factor receptor). p2C11-␥1-B7 encodes a similar chimeric protein except for the substitution of the TM and cytoplasmic tail of murine B7-1 for the PDGFR TM. The PDGFR and B7-1 TM are designed to anchor the 2C11 scFv to the cell surface, whereas the ␥1 domain should allow the formation of disulfide-linked dimers.
The ability of chimeric 2C11scFv proteins to be expressed on the surface of cells was examined by flow cytometer analysis. Figure 2a shows that transfection of BHK cells with p2C11-PDGFR resulted in only minimal expression of scFv on the cell surface, whereas high levels of 2C11-B7 were detected after transfection with p2C11-B7. Similarly, much higher levels of 2C11-␥1-B7 were detected on the surface of BHK cells compared with 2C11-␥1-PDGFR (Figure 2b ). Quantitation of scFv surface expression in three independent experiments revealed that the mean fluorescence of BHK cells expressing 2C11-B7 or 2C11-␥1-B7 chimeric proteins was significantly greater than chimeric proteins employing the PDGFR TM ( Figure 2d ). High levels of 2C11-␥1-B7 were also expressed on transfected BALB/3T3 cells ( Figure 2c ). All subsequent experiments therefore employed p2C11-␥1-B7.
Chimeric scFv form dimers
The expression of 2C11-␥1-B7 chimeric protein was examined by immunoblotting whole cell lysates prepared from BHK cells that were transfected with p2C11-␥1-B7. Immunoblotting with anti-HA mAb against the Nterminal epitope of the chimeric protein showed that BHK cells transfected with either pcDNA3 or p2C11-␥1-B7 displayed a common non-specific band. Only BHK cells transfected with p2C11-␥1-B7, however, displayed a specific band corresponding to the predicted molecular weight of 2C11-␥1-B7 monomer ( Figure 3A, lane 1 ). An additional band that migrated more rapidly is likely due to cleavage of the 2C11-␥1-B7 chimeric protein between the ␥1 and B7 TM domains based on the estimated size of the protein. Both the 2C11-␥1-B7 chimeric protein and degradation product contained the ␥1 domain as shown by binding of goat anti-human IgG Fc-specific antibody ( Figure 3B , lane 1), further localizing the cleavage site to between the ␥1 domain and B7 TM. The doublet is unlikely to be due to differences in glycosylation because tunicamycin treatment increased the migration of both bands (results not shown). Electrophoreses of the transfected cells on a non-reducing SDS-PAGE followed by immunoblotting with anti-HA mAb showed that the chimeric protein and its degradation product both efficiently formed disulfide-linked dimers based on their reduced migration rates relative to the common nonspecific band (Figure 3c , lane 1).
Surface scFv dimers are active BHK cells that were transfected with p2C11-␥1-B7 ( Figure 4A ) but not pcDNA3 ( Figure 4C ) were able to bind nylon-wool enriched lymphocytes, showing that 2C11-␥1-B7 was active. Over 95% of adherent lymphocytes positively stained for Thy-1.2 (results not shown), demonstrating that 2C11-␥1-B7 bound T cells. Binding of T cells to transfected BHK cells was mediated by specific interactions between 2C11-␥1-B7 on BHK cells and CD3
Figure 2 Surface immunofluorescence of chimeric 2C11 scFv. (a) BHK cells were transfected with pcDNA3 (dotted line), p2C11-PDGFR (dashed line) or p2C11-B7 (solid line). (b) BHK cells were transfected with pcDNA3 (dotted line), p2C11-␥1-PDGFR (dashed line) or p2C11-␥1-B7 (solid line). (c) BALB/3T3 cells were transfected with pcDNA3 (dotted line) or p2C11-␥1-B7 (solid line). After 48 h, cells were stained with mAb 12CA5 against the HA epitope followed by FITC-conjugated goat anti-mouse IgG (Fab′) 2 before the immunofluorescence of 10 4 viable cells was measured with a FACS caliber flow cytometer. (d) Comparison of mean specific fluorescence of BHK cells transfected with the indicated plasmids. Results represent mean values of three independent experiments. Significant differences between chimeric proteins containing the B7-1 and PDGFR TM domains are indicated:
*, P р 0.05. Bars, s.e.
Figure 3 Immunoblot of the 2C11-␥1-B7 chimeric protein. 5 × 10 4 BHK cells transfected with p2C11-␥1-B7 (lane 1) or pcDNA3 (lane 2) were lysed and separated on a 8% reduced (A and B) or non-reduced (C) SDS-PAGE. Proteins transferred to nitrocellulose paper were immunoblotted with mAb 12CA5 against the HA epitope (A and C) or HRP-conjugated goat anti-human IgG Fc-specific antibody (B). The position of the crossreactive protein bound by mAb 12CA5 is indicated by an arrow in A and C.
on lymphocytes because addition of free mAb 145.2C11 completely blocked binding ( Figure 4B ). These results show that 2C11-␥1-B7 specifically binds to the CD3 ⑀ chain on T cells.
The ability of 2C11-␥1-B7 anchored on the surface of BALB/3T3 cells to up-regulate CD25 (IL-2 receptor ␣-chain) expression on lymphocytes was examined by flow cytometry. Figure 5 shows that culturing syngeneic splenocytes with BALB/3T3 cells previously transfected with p2C11-␥1-B7 resulted in increased surface Gene Therapy expression of the IL-2 receptor compared with naive splenocytes or splenocytes that were cultured with BALB/3T3 cells transfected with pcDNA3.
2C11-␥1-B7 on BALB/3T3 cells also induced the proliferation of splenocytes. BALB/3T3 cells were transfected with p2C11-␥1-B7 or pcDNA3, lethally irradiated, and then cultured with syngeneic splenocytes for 72 h. Figure 6 shows that BALB/3T3 cells transfected with p2C11-␥1-B7 but not pcDNA3 stimulated 3 H-thymidine incorporation of splenocytes in a dose-dependent fashion. Significant (P р 0.0005) incorporation of 3 Hthymidine was observed even when only one transfected BALB/3T3 cell was added per 160 splenocytes.
Induction of cytotoxic lymphocytes CT26 colon carcinoma cells were infected with recombinant retrovirus to produce cell lines that expressed 2C11-␥1-B7 (CT26/2C11) or vector alone (CT26/neo). Flow cytometer analysis of the cells showed that about 41% of the CT26/2C11 cells expressed 2C11scFv dimers on their surface ( Figure 7a ). Figure 7b shows that syngeneic splenocytes incubated with CT26/2C11 cells produced significant (P р 0.05) cytotoxicity against the CT26/2C11 cells compared to splenocytes incubated with CT26/neo cells. IL-2, although not required for cytotoxicity, did significantly (P р 0.05) enhance killing of CT26/2C11 cells. Activated splenocytes killed over 80% of CT26/2C11 cells even though only about 40% of the cell population expressed 2C11-␥1-B7 on their surface (Figure 7a) , suggesting that parental CT26 cells were also killed by activated splenocytes. This was directly tested by activating syngeneic splenocytes with CT26/2C11 or CT26/neo cells for 48 h before the splenocytes were transferred to wells containing parental CT26 cells. Splenocytes that were pre-activated with the CT26/2C11 (Figure 8a ), but not CT26/neo cells (Figure 8b ) exhibited strong cytotoxicity to parental CT26 cells. 
Figure 4 T cells adhesion assay. BHK cells transfected with p2C11-␥1-B7 (A and B) or pcDNA3 (C and D) were cultured overnight in six-well plates before T cells were added for 3 h at room temperature. 50 g of mAb 145.2C11 was added to compete for CD3 epsilon on T cells in B and D. Nonadherent cells were removed and the adherent cells were fixed and stained with methylene blue. T cells bound to BHK/2C11 cells (A) are indicated with arrows.

In vivo activity
Immunization of BALB/c mice with radiation-killed CT26/2C11 cells 2 weeks before challenge with parental CT26 cells failed to induce protective immunity in 
Discussion
Surface expression of heterologous proteins to elicit specific biological effects is potentially useful for the therapeutic intervention of many diseases. Single-chain antibodies with defined specificity represent a rich source of biologically active molecules for disease treatment. The present study has provided evidence that functional scFv dimers against CD3 can be expressed on the surface of mammalian cells, that surface scFv can activate splenocytes, and that activated splenocytes are cytotoxic to both genetically modified and parental tumor cells.
The PDGFR TM domain present in pHook-1 was originally employed to direct expression of 2C11 scFv monomers to the cell surface. 2C11-PDGFR, however, could not be detected on viable cells by flow cytometry. Chimeric proteins containing alpha fetoprotein and the PDGFR TM were also expressed at low levels on the cell surface, 19 indicating that the PDGFR TM is a poor choice for anchoring proteins to cells. Replacement of the PDGFR TM with the TM and cytosolic tail of murine CD80 (B7-1) dramatically increased surface expression of 2C11 scFv, in agreement with previous studies employing alpha fetoprotein, 19 indicating that this TM is generally applicable for high level expression of heterologous proteins on mammalian cells. Introduction of the ␥1 domain further increased surface expression, suggesting that formation of disulfide-linked dimers may enhance scFv stability or transport to the surface.
Immunoblotting of cell extracts revealed that some 2C11-␥1-B7 was likely cleaved between the ␥1 and B7-1 TM domains. Glycosylation of membrane receptors is important for their retention on the cell surface. 20, 21 Replacement of the highly glycosylated ectodomain of B7-1 22 with the ␥1 domain may have allowed proteolytic cleavage of the scFv from the cell surface. Release of sol- uble scFv could interfere with the activity of surface scFv by blocking CD3 on T cells. We were unable, however, to detect soluble 2C11 scFv in the culture supernatant of transfected cells (results not shown), arguing that release of soluble scFv was minor. Introduction of additional glycosylation sites into the extracellular spacer or incorporation of the natural B7-1 ectodomain in the 2C11-␥1-B7 chimeric protein may reduce degradation and further improve surface expression.
Several lines of evidence indicate that 2C11scFv dimers on the cell surface can activate resting splenocytes to differentiate into effector cells. First, IL-2 receptor ␣-chain, a hallmark of lymphocyte activation, 23 increased on splenocytes after culture with cells expressing 2C11-␥1-B7. Second, 2C11-␥1-B7 induced the proliferation of splenocytes in a dose-dependent fashion. Most importantly, CT26/2C11 cells were directly killed by naive splenocytes even without addition of exogenous IL-2. Although activation of splenocytes required the presence of 2C11 scFv dimers on the cell surface, killing of tumor cells was independent of scFv expression because parental CT26 cells were also killed by activated splenocytes. Splenocyte killing of tumor cells was therefore not due to the expression of a foreign protein. The major effector cells are likely T cells because CD3 epsilonchain expression is limited to T lymphocytes.
T cells typically require two signals for activation, one produced by the interaction of the TCR with antigenic peptide associated with MHC molecules and a second signal generated by the interaction of co-stimulatory molecules such as CD80 or CD86 with CD28 on T cells. Although the scFv domain of 2C11-␥1-B7 can provide the first signal by binding to the CD3 complex on T cells, it is unclear if costimulation was also necessary to activate splenocytes to become effector cells. It is possible that the transfected cells provided costimulatory signals. CD80 (B7-1) and CD86 (B7-2) were not detected on the cell surface of BALB/3T3 or CT26 cells (results not shown), indicating that the transfected cells did not provide costimulation through the CD28 receptor. 24 Additional costimulatory molecules such as ICAM-1 25 or CD40L, 26 however, may be present on BALB/3T3 or CT26 cells. Costimulation to T cells may also have been provided by professional APC present in the splenocyte population although costimulation is inefficient when not provided by the same cells that generate signal 1 through the TCR. 27 It is also possible that costimulation may not be necessary for activation of splenocytes by anti-CD3 scFv dimers on the cell surface. Immobilized MHC class Ipeptide complexes can activate naive CD8
+ T cells to proliferate and secrete IL-2 without APC-derived costimulatory signals. 28 T cells 'count' the number of TCRs engaged by the peptide-MHC complex and become activated when that number reaches about 8000, whereas costimulatory signals lowered the activation threshold to around 1500 TCRs. 29 Although not quantified, the high fluorescent intensity observed in flow cytometry (Figure 2) suggests that the number 2C11 scFv dimers expressed on the cell surface was much greater than the minimal 200-300 MHC-peptide complexes required for T cell activation. 30 Thus, high TCR occupancy and prolonged stimulation by 2C11-␥1-B7 may allow T cell activation without costimulation.
Bispecific antibodies with specificity for CD3 on T cells and tumor-associated antigens on cancer cells have been employed to redirect T cells to tumors, either by coating pre-activated immune effector cells ex vivo with the bispecific Ab before infusion into patients 31, 32 or by systematic administration of bispecific Ab to patients. 17, 18 Activation of T cells by scFv expressed on the surface of tumor cells may differ from bispecific Abs in several important ways. CD3
+ cells are immediately coated with antibody after systemic administration of bispecific Abs, causing the Ab-coated lymphocytes to leave the circulation and traffic to lymphoid organs. 17, 33 Systemic administration of bispecific antibodies can also induce the acute release of cytokines such as TNF-␣, resulting in serious side-effects and toxicity. 17, 18 T cell activation by surface scFv, in contrast, is expected to be limited to local tumor-infiltrating lymphocytes (TIL), reducing treatment toxicity. A major limitation of bispecific antibodies is that antibody-coated lymphocytes exhibit only one cytolytic cycle, 34 requiring the administration of excess bispecific antibody or infusion of large numbers of functional T cells with specific antitumor reactivity into patients for good therapeutic efficacy. Activation of lymphocytes by 2C11-␥1-B7 appears to be efficient as addition of one cell expressing surface 2C11-␥1-B7 to 160 splenocytes induced proliferation of lymphocytes. Finally, in contrast to bispecific antibodies, expression of scFv on tumor cells does not require identification of tumor-associated antigens.
Tumor infiltrating lymphocytes can recognize tumorassociated antigens presented by MHC class I molecules. 35, 36 Selective activation of TIL at the tumor site by scFv on tumor cells could allow the development of systemic immunity against disseminated tumors that share common antigens. We were unable, however, to demonstrate the induction of protective immunity after immunization with CT26/2C11 cells. Lack of systemic immunity may indicate that insufficient numbers of tumor-specific T cells are present in the TIL population to generate antitumor immunity or that 2C11-␥1-B7 mediated activation of CTL may be insufficient for generation of memory T cells. Coexpression of scFv and costimulatory molecules such as ICAM-1, CD80, or CD86 on tumor cells may promote more efficient activation of TIL and generation of memory T cells, thereby producing immunity to disseminated tumors.
Tumor cells with defective antigen processing or presentation are refractive to CTL killing because the low levels of MHC-peptide on the cells is inadequate for recognition by CTL. Expression of anti-CD3 scFv on tumor cells may be useful for the treatment of tumors that express low levels of MHC-antigen because activation of T cells by anti-CD3 scFv is not MHC-restricted. The complete rejection of CT26/2C11 tumors demonstrates that potent cytotoxic activity can be generated in vivo. Activated lymphocytes also displayed bystander killing of nontransfected tumor cells. For example, the mean size of mixed CT26 and CT26/2C11 tumors was only 76 mm 3 compared with 560 mm 3 for CT26 tumors on day 11. It is likely that the potency of bystander killing may be further enhanced by expressing costimulatory molecules or cytokines (such as IL-2 which significantly enhanced CTL activity after stimulation by CT26/2C11 cells) with anti-CD3 scFv in tumors, allowing tumor regression after transfection of only a subpopulation of the cells.
In summary, our results provide evidence that functional anti-CD3 scFv dimers can be expressed on the surface of tumor cells and that the scFv can activate resting lymphocytes to differentiate into cytotoxic effector cells. These results suggest that expression of anti-CD3 scFv on tumor cells may form the basis of a novel tumor therapy strategy especially suited to tumors with defects in antigen processing or presentation. Expression of scFv with specificity for other molecules 37, 38 may be useful to activate a range of effector cells at the tumor site.
Materials and methods
Reagents mAb S5A8 against 38C13 lymphoma cells 39 was kindly provided by Dr Mi-Hua Tao, Academia Sinica, Taipei, Taiwan. mAb 12CA5 against an epitope of the hemagglutinin protein (HA) of human influenza virus was from Boehringer Mannheim, Mannheim, Germany. Rat antimouse CD25-FITC conjugate was purchased from PharMingen, San Diego, CA, USA. Recombinant human IL-2 was from Cetus, San Francisco, CA, USA.
Gene Therapy
Cell lines and tissue culture BHK-21 cells were purchased from the American Type Culture Collection, Manassas, VA, USA. BALB/3T3 cells were obtained from the NHRI Cell Bank (Taiwan), Bosc-23 cells 40 were kindly provided by Dr Wen-Chang Lin, Academia Sinica, and CT26 cells 41 were kindly provided by Dr Mi-Hua Tao, Academia Sinica. 145.2C11 hybridoma cells were kindly provided by Dr Jeffrey A Bluestone, Ben May Institute for Cancer Research, Illinois, USA. Cells were cultured in Dulbecco's minimal essential medium (Sigma, St Louis, MO, USA) supplemented with 10% bovine serum, 100 units/ml penicillin and 100 g/ml streptomycin at 37°C in an atmosphere of 5% CO 2 .
Plasmid construction
The variable light (V L ) and heavy (V H ) chain cDNA sequences of mAb 145.2C11 were amplified by RT-PCR from RNA isolated from 145.2C11 hybridoma cells as described. 19 In the first round of PCR, primers P1 (5′-TGC TGG GGC CCA GCC GGC CGA CAT CCA GAT GAC CCA GTC TCC ATC-3′) and P2 (5′-ACC GCC GCC CGA AGT ACT GCC CCG TTT GAT TTC CAG CTT GGT GCC AGG-3′) were employed to introduce a SfiI restriction enzyme site at the 5′-end (bold) and half of the linker (underlined) at the 3′ end of the V L cDNA, respectively. Similarly, primers P3 (5′-AAG TCG AGT GAG GGT AAG GGT GAG GTG CAG CTG GTG GAG TCT GGG GGA-3′) and P4 (5′-TGT TGT GTC GAC TGA GGA GAC GGT GAC CAT GGT TCC TTG-3′) were employed to introduce the other half of the linker (underlined) to the 5′ end and a SalI restriction site (bold) at the 3′ end of the amplified V H cDNA. The V L and V H PCR products were assembled in a second round of PCR with primers P1, P4 and a linker primer P5 (5′-GGC AGT ACT TCG GGC GCC GGT AAG TCG AGT GAG GGT AAG GGT-3′) encoding a 14 amino acid residue linker peptide GSTSGAGKSSEGKG. 42 The PCR product was digested with SfiI and SalI restriction enzymes and subcloned into pHook-1 (Invitrogen, Leek, The Netherlands) in place of the phOx scFv cDNA to obtain p2C11-PDGFR. The SalIXhoI fragment encoding a myc epitope and the PDGFR TM in p2C11-PDGFR was replaced with a SalI-XhoI fragment from pAFP-B7 19 encoding the murine B7-1 TM and cytosolic tail (Pro237 to the stop codon) to create p2C11-B7. A SalI fragment containing the hinge, CH2 and CH3 domain (␥1) of the human IgG 1 heavy chain from pAFP-␥1-B7
19 was inserted into the unique SalI site in p2C11-PDGFR and p2C11-B7 to produce p2C11-␥1-PDGFR and p2C11-␥1-B7. All transgenes were fully sequenced.
Transfection of transgenes 2.5 × 10 5 BHK or BALB/3T3 cells per well were cultured overnight in six-well plates before transfection with 3 g plasmid and 10 l lipofectamine according to the manufacturer's instructions (Gibco Laboratories, Grand Island, NY, USA). BHK or BALB/3T3 cells transfected with pcDNA3 or p2C11-␥1-B7 were also selected in 0.5 mg/ml G418 (Calbiochem, San Diego, CA, USA) for 2 weeks to produce the stable transfectant clones BHK/neo, BHK/2C11, BALB/neo and BALB/2C11, respectively. Immunoblotting of chimeric proteins 5 × 10 4 BHK/neo or BHK/2C11 cells were boiled in SDS-PAGE buffer with or without 2-mercaptoethanol. Proteins were electrophoresed on an 8% SDS-PAGE and transferred to two sheets of nitrocellulose paper (Gelman Sciences, Ann Arbor, MI, USA) in transfer buffer (10 mm Tris-HCl, pH 7.5, 50 mm NaCl, 2 mm EDTA, 0.5 mm 2-mercaptoethanol) by capillary diffusion. Blots were blocked with 5% skim milk and incubated with 5 g/ml mAb 12CA5 or HRP-conjugated goat anti-human Fcspecific antibody (1:1000, Sigma) in 0.1% Tween-20/PBS for 60 min. Blots were extensively washed in the same buffer, incubated with HRP-conjugated goat anti-mouse IgG (Fab′) 2 (1:2000) for 60 min, washed and developed. Under reducing condition, blots were visualized by ECL detection according to the manufacturer's instructions (Pierce, Rockford, IL, USA). Under non-reducing conditions, blots were visualized with 4-chloro-1-naphthol (Sigma) substrate.
T cell adhesion assay 2 × 10 5 BHK/neo or BHK/2C11 cells per well were cultured overnight in six-well plates. Splenocytes were isolated from BALB/c mice and cultured in RPMI 1640 medium (Sigma) supplemented with 10% FCS and 20 U/ml human IL-2 overnight. 2 × 10 7 nylon wool-enriched lymphocytes were added to each well for 3 h at room temperature with or without 50 g mAb 145.2C11. Nonadherent cells were removed by gently washing the wells five times with medium. Adherent cells were fixed and stained with methylene blue in 50% methanol and examined under a light microscope. Adherent lymphocytes were identified by first staining nylon wool-enriched lymphocytes with FITC-conjugated rat anti-mouse Thy-1.2 mAb (PharMingen, San Diego, CA, USA) before addition to BALB/2C11 cells. Adherent lymphocytes were observed under both fluorescent and light illumination to estimate the fraction of bound T cells. Splenocyte proliferation BALB/3T3 cells were transfected with pcDNA3 or p2C11-␥1-B7 48 h before they were lethally irradiated and serially diluted into round-bottom 96-well plates. Splenocytes from BALB/c mice (5 × 10 5 cells per well in RPMI 1640 supplemented with 10% FBS and 10 mm HEPES) were added to wells for 2 days. 1 Ci 3 H-thymidine was added to wells for 16 h, cells were harvested, and the radioactivity was measured on a TopCount Microplate Scintillation Counter (Packard, Meriden, CT, USA).
Generation of CT26 tumor cell line transfectants
The EcoRI fragment encoding the 2C11-␥1-B7 transgene was excised from p2C11-␥1-B7 and subcloned into the retroviral vector pBabe-neo (a kind gift from Dr Hartmut Land, Imperial Cancer Research Fund, London, UK) to generate pBabe-2C11-␥1-B7. 10 6 Bosc 23 packaging cells were transfected with 3 g pBabe-2C11-␥1-B7 or pBabeneo in 10 l lipofectamine. After 48 h, 3 ml culture supernatant was incubated with 2 × 10 5 /well CT26 cells in sixwell plates for 48 h before adding 0.5 mg/ml G418 for 2 weeks to obtain CT26/neo and CT26/2C11 cells. . Some tumors were sterially removed, dissociated with 0.5 mg/ml collagenase, cultured in G418-containing medium for 3 days and then analyzed for 2C11-␥1-B7 expression by flow cytometry with FITC-conjugated goat anti-human IgG Fc-specific antibody as described above.
Statistical analysis
Statistical significance of differences between mean values was estimated with the shareware program Schoolstat (White Ant Occasional Publishing, West Melbourne, Australia) using the independent t test for unequal variances.
